This issue's ''Lessons From History'' is something of a departure from the norm in that the commentary is provided largely on a review of an original article by Dr Alexander M. Kellas (1868 Kellas ( -1921 . 1 The original article contains many features that illuminate the state of highaltitude physiology of the era, and the strong interest it created in the climbing community prompted its extensive review in a mountaineering journal. The review, which appeared in the Alpine Journal in 1917, 2 represents one of the first presentations of contemporary thought concerning high-altitude physiology to the lay mountaineering community. This idea has been refined in more recent years with, for instance, book-length publications on the subject for individuals not on intimate terms with the relevant physiological or medical concepts but who are nonetheless very curious about human response to high altitude. A fine example of this genre is the series of books by Dr Charles Houston. [3] [4] [5] Alexander M. Kellas was a scientist and a very active exploratory mountaineer in the first 2 decades of the 20th century who did not exactly fit the classic profile of someone weaned on a hard and Spartan existence in the hills. In a letter to his wife, the famous mountaineer George Leigh Mallory described Kellas Although Mallory paints a somewhat improbable picture of an active high-altitude mountaineer, Kellas not only qualifies as one of the finest exploratory Himalayan mountaineers in history but is also recognized as the first person to apply state-of-the-art knowledge of high-altitude physiology to field investigations at altitudes over 6000 m. It is very likely that he had spent more time above 6000 m than anyone on Earth by the time of his death in 1921. He undertook no fewer than 8 expeditions to the greater ranges during a Himalayan career that began in 1907. 7 He was also one of the first Europeans to recognize the mountaineering talents of Sherpas, and he often relied extensively on them as sole climbing companions during numerous extended high-altitude explorations and climbs in the Sikkim and Garhwal Himalayas. J. B. L. Noel, a prominent figure in the early exploration and climbing history of Mount Everest, wrote shortly after Kellas' death that Kellas was the ''first to discover the best natives for mountaineering, namely Sherpa Bhotias, and first to train teams of Sherpas for high climbing above 23,000 ft. [7010 m].'' 8
The Science
For hundreds of years, explorers traveling through high mountain regions have expressed an interest in the phenomenon that we have come to term mountain sickness. There should thus be little surprise in the realization that publications dealing with the topic of mountain sickness were not actually novel by the second decade of the 20th century. In fact, the Alpine Journal had run earlier articles on mountain sickness. 9,10 Paul Bert's famous 1878 tome on experimental physiology, La Pression Barométrique: Recherches de Physiologie Expérimentale, contains an extensive section on mountain sickness. 11 However, his book was written in French and is very much a publication for the scientist, so it was probably not well known to English-speaking mountaineers. It was finally translated to English in 1943. 12 In 1906, Dr Tom Longstaff, a soon-to-be Himalayan explorer of some repute, actually had his doctoral thesis on mountain sickness published. 13 However, even though Kellas (a research chemist by profession) contributed 2 short articles on acute mountain sickness, 14, 15 he was arguably less interested in describing signs and symptoms of highaltitude illness than in understanding the physiological foundations of performance at the extreme altitudes found in the greater ranges.
By 1917, eminent physiologists such as Paul Bert, 12,16 Angelo Mosso, 17 Joseph Barcroft, [18] [19] [20] and Nathan Zuntz 21, 22 had published impressive scientific results on the subject of human response to, and performance in, rarified atmospheres. Undoubtedly, their publications qualified as reports of cutting-edge experimental physiology. However, they were hardly intended for consumption by the lay mountaineer eager to learn how state-of-the-art knowledge (regarding the physiological response to hypoxia) might be applied to gain a better understanding of the practical limits of human endurance at the altitudes encountered in Himalayan mountaineering. It must also be mentioned that Clinton Dent, FRCS, produced an article for the Geographical Journal in 1893 titled ''Physiological Effects of High Altitudes.'' 23 This was a continuation of his thoughts from one of his books that was published in 1885, 24 the last chapter of which addresses the theoretical concept of climbing at extreme altitude, in particular, Mount Everest, at some point in the future. Dent's 1893 paper is rather strong on conjecture and certainly somewhat weaker on science, but it must be remembered that Edward Whymper of Matterhorn fame had only recently set terrestrial altitude records in Ecuador 25 and Martin Conway had even more recently done the same (to nearly 7000 m) in the Karakoram. 26 Although their observations were important and interesting, neither Whymper nor Conway was a scientist, and their writings reflect this fact. As a result, knowledge about human function at the highest terrestrial elevations was greatly influenced by the observations and opinions of precious few individuals, none of whom had as yet ascended above 7000 m.
The most interesting of Kellas' writings covered in the Alpine Journal review is, for a medical audience, in the section headed ''Physiological Difficulties.'' He divides this section into 4 parts, providing information, observations, and data from (1) balloon ascents, (2) lowpressure chambers, (3) moderate altitudes up to 15 000 feet, and (4) the physiology of acclimatization at the highest Himalayan altitudes reached to date (ϳ24 600 feet [7499 m]). Unfortunately, a great deal of the interesting observations concerning these matters in the original article 1 is not included in the Alpine Journal review.
West 27 discusses in some detail the significance of each part of this section from a more extensive version of the 1917 Geographical Journal article, which Kellas completed in manuscript form in 1920. Interestingly, the 1920 manuscript did not see publication until 2001. 28 Only a brief synopsis will thus be provided here.
BALLOON ASCENTS
Kellas was certain that incapacitation or death from acute hypoxia as seen in early balloon ascents to extreme altitude 12, 29 would not be a problem on the highest summits because of the advantages gained from acclimatization or inhaling supplementary oxygen.
PRESSURE CHAMBER EXPERIMENTS
Arguably, the most interesting information described under this heading concerns the experiments, related in the more extensive article, 28 that Kellas completed with the eminent physiologist John Scott Haldane at the Lister Institute in London. 30 The 2 scientists spent several hours a day for 4 consecutive days in a hypobaric chamber at altitudes equivalent to 11 600 feet (3536 m) (day 1), 16 000 feet (4877 m) (day 2), 21 000 feet (6400 m) (day 3), and 25 000 feet (7620 m) (day 4). On day 4, with the barometric pressure at 312 mm Hg, Haldane's alveolar PCO 2 was 19.8 and PO 2 was 30.1 mm Hg. Although he was able to do an impressive 3300 ft-lb·m Ϫ1 of work for 4 minutes (on an ergometer) before stopping because of exhaustion, the addition of 1 L·m Ϫ1 of oxygen administered through a Haldane mask made the resumption of the work, even when increased to 5000 ftlb·m Ϫ1 , ''quite easy.'' 30 These results not only support the assertion that even short periods of acclimatization increased altitude tolerance but also show how important the use of low-flow supplementary oxygen could be in improving performance during exposure to extreme hypobaric hypoxia. ''Extreme'' human experimentation such as this would be difficult to reproduce today because of institutional human-subjects protection policies!
OBSERVATION AND EXPERIMENTS OF PHYSIOLOGISTS AT MODERATE ALTITUDES
Here, Kellas focuses largely on the etiology and signs and symptoms of, and individual variation in susceptibility to, mountain sickness. Although he was perhaps more interested in physiological research, Kellas also wrote about mountain sickness, 14, 15 and he not only agreed with Paul Bert 11 that this condition was attributable to hypoxia but also knew that high-altitude illness could be prevented in many individuals by proper ac-climatization. In the original iteration of the full article, 1 Kellas indicates that space permitted a consideration of only the first 3 parts of the ''Physiological Difficulties'' section (ie, not the part that discusses the physiology of acclimatization at Himalayan altitudes). However, he seems to disregard, at least to some extent, his concerns about space limitations later in the paper during discussion of part 3. Here, he poses the question ''Is it possible to become sufficiently acclimatized to altitudes of 24,000 [7315 m] to 25,000 ft. [7620 m] to enable one to climb to over 29,000 ft. [8839 m]?'' Kellas reviews the oxygen dissociation curve and the effects of carbon dioxide and lactic acid on the position of the curve. Worthy of some note is the fact that the influence of lactic acid on the curve had been understood for only a few years. 31 He also broaches the then-controversial subject of possible secretion of oxygen by the alveolar epithelium at high altitude. John Scott Haldane strongly promoted oxygen secretion, whereas other eminent physiologists such as Barcroft 31 and Krogh 32 argued persuasively for passive diffusion. Kellas diplomatically concludes that both theories have merit, but he does not commit himself to either school of thought.
Influenced by the calculations of Mabel P. FitzGerald, 33 whose fame in physiology circles has grown with the passing decades, Kellas estimated alveolar oxygen pressures to be found at the altitudes of various wellknown mountain summits, including Mount Everest. It is important to realize that FitzGerald did not directly measure alveolar PO 2 but calculated this from alveolar PCO 2 assuming a respiratory exchange ratio. Also, she did not make measurements above approximately 4300 m, so the alveolar oxygen pressures that Kellas lists for the highest Himalayan peaks in table VI of the original Geographical Journal article 1 required extensive extrapolation. It is thus not surprising that he somewhat erroneously concludes that an alveolar PO 2 of 23.6 mm Hg was to be expected on Mount Everest's summit. Actual measurements of the alveolar PCO 2 and PO 2 on the summit have yielded values of ϳ7.5 and 35 mm Hg, respectively. 34 According to West, 27 Kellas apparently used FitzGerald's figures to determine a linear extrapolation that gave an alveolar PCO 2 of 18.6 mm Hg at the altitude of Mount Everest's summit. The respiratory exchange ratio Kellas assumed was 0.83 at rest, which was the value FitzGerald had used in her calculations. When these values, along with a barometric pressure of 267 mm Hg for an assumed air temperature of 15ЊC (likely determined by using the Zuntz et al 22 formula as FitzGerald had done), are inserted into the equation FitzGerald used for determining alveolar PO 2 , PAO 2 ϭ 0.2093(267-47)Ϫ 18.6/0.83, the result is 23.6 mm Hg.
Kellas also discusses the oxygen saturation of the blood and the increase in erythrocytes at high altitude. Although he recognized that the fall in PCO 2 at high altitude should shift the oxygen dissociation curve to the left and thereby increase the blood oxygen saturation, he may have been influenced by Barcroft's measurements 35 suggesting that the oxygen dissociation curve is normal at high altitude as a result of diminished blood alkalinity. Not realizing how marked the respiratory alkalosis is in a climber near the summit of Mount Everest, 34 Kellas calculated a very low arterial oxygen saturation of 42%. Although his calculation of the oxygen saturation of the blood at extreme altitude was too low, his estimation of a 60% increase in erythrocytes at 5548 m is significantly higher than is seen in healthy, well-acclimatized mountaineers. However, it must be said in Kellas' defense that he discusses several known instances where such a dramatic rise in erythrocytes did not occur at similar elevations. He also states that ''the exact value of this multiplication is not so simply gauged as has been supposed, and much more work must be carried out before its exact significance is understood.'' 1
Summary
Although Kellas certainly did not get all the answers right, it must be realized that he possessed rather minimal data from which to draw conclusions. It must also, of course, be remembered that few physiological measurements had occurred above ϳ4500 m through the second decade of the 20th century. Perhaps the most intriguing aspect of Kellas' 1917 paper, ''A Consideration of the Possibility of Ascending the Loftier Himalaya,'' 1 or of the more extensive version written in 1920 and published in 2001, ''A Consideration of the Possibility of Ascending Mount Everest,'' 28 is how Kellas was perceptive enough to ask so many important questions about the physiology of extreme altitude. It should also be noted that though much of the physiology in the later paper is similar to that found in earlier one, the papers are hardly identical. The feature of the latter that sets it apart as a rather unique contribution is that it was the first serious analysis of the possibility of climbing the highest mountain in the world. Kellas had been intensively involved with physiological work and geographical exploration in the Himalayas for more than 15 years when he died from illness during the early stages of the 1921 Mount Everest Reconnaissance Expedition. In dramatic fashion, his death near Kampa Dzong in Tibet occurred literally within a few hours of the expedition having had its first view of the mountain they had come to explore.
